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NOTICE 
This information was prepared as an account of work sponsored by an agency 

of the U.S. Government. Neither the U.S. Government nor any agency thereof, nor 

any of their employees, makes any warranty, expressed or implied, or assumes any 

legal liability or responsibility for any third party’s use, or the results of such use, of 

any information, apparatus, product, or process disclosed herein, or represents that 

its use by such a third party would not infringe on privately owned rights. The views 

expressed herein are not necessarily those of the U.S. Nuclear Regulatory 

Commission. 
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ABSTRACT 

The United States Nuclear Regulatory Commission (NRC) and Idaho National 

Laboratory (INL) organized a half-day workshop on flood barrier testing strategies 
(FBTS) at NRC Headquarters in Rockville, Maryland, via a webinar as well, on 

March 12, 2020. The workshop was a public meeting attended by members of the 

public and staff from NRC, INL, and other agencies. The workshop served 

multiple objectives: (1) present preliminary research results from the FBTS 
research project conducted by INL for NRC, and (2) engage industry stakeholders 

and technical experts to provide inputs and insights on testing strategies. This letter 

report documents the materials presented, participant questions and answers, and 
summaries of an open discussion during this FBTS workshop. 

 



 

 
 

v 

  



 

 
 

vi 

 

CONTENTS 
 

ABSTRACT ..................................................................................................................................... v 

ABBREVIATIONS AND ACRONYMS ......................................................................................... vii 

1. WORKSHOP OVERVIEW...................................................................................................... 8 

1.1 Background .............................................................................................................................. 8 

1.2 Objectives ................................................................................................................................ 8 

1.3 Attendees ................................................................................................................................. 9 

1.4 Agenda .................................................................................................................................... 9 

2. WORKSHOP PROCEEDINGS .............................................................................................. 11 

2.1 Overview of Flood Barrier Testing Strategies Research .......................................................... 11 

2.1.1 Presentation ................................................................................................................ 11 

2.2 INL Research on Flood Barrier Testing Strategies and Potential Harvesting ........................... 17 

2.2.1 Presentation ................................................................................................................ 17 

2.3 Preliminary Results of Flood Barrier Testing Strategies Project .............................................. 21 

2.3.1 Presentation ................................................................................................................ 21 

2.3.2 Questions and Answers ............................................................................................... 29 

2.4 Literature Review and Previous Flood Barrier Tests ............................................................... 30 

2.4.1 Presentation ................................................................................................................ 30 

2.4.2 Questions and Answers ............................................................................................... 39 

2.5 Flood Rated Penetration Seal Research Overview ................................................................... 40 

2.5.1 Presentation ................................................................................................................ 40 

2.6 Flood Barrier Testing Facility – Idaho State University .......................................................... 48 

2.6.1 Presentation ................................................................................................................ 48 

2.6.2 Questions and Answers ............................................................................................... 58 

2.7 Open Discussions ................................................................................................................... 59 

3. REFERENCES ...................................................................................................................... 60 

 

  



 

 
 

vii 

ABBREVIATIONS AND ACRONYMS 

ADAMS Agencywide Documents Access and Management System 

ANS American Nuclear Society 

ASME American Society of Mechanical Engineers 

ASTM American Society for Testing and Materials 

DM Degradation Mode 

EPRI Electric Power Research Institute 

ERDC Engineering Research and Development Center 

ESP Early Site Permit 

FBTS Flood Barrier Testing Strategies 

FM Failure Mode 

FPS Flood Penetration Seal 

GDC General Design Criterion 

IN Information Notice 

INL Idaho National Laboratory 

IR Inspection Report 

ISU Idaho State University 

LER Licensee Event Report 

NEA Nuclear Energy Agency 

NEI Nuclear Energy Institute 

NPP Nuclear Power Plant 

NRC Nuclear Regulatory Commission 

NUREG NRC technical report designation 

OECD Organisation for Economic Co-operation and Development 

PET Portal Evaluation Tank 

PFHA Probabilistic Flood Hazard Assessment 

PRA Probabilistic Risk Assessment 

SPH Smoothed Particle Hydrodynamics 

SSCs Structures, Systems, and Components 

TVA Tennessee Valley Authority 

U.S. United States 

USACE United States Army Corps of Engineers 

UL Underwriters Laboratories 

 



 

 
 

8 

 

Summary of Nuclear Regulatory Commission Flood 
Barrier Testing Strategies Workshop 

 

1. WORKSHOP OVERVIEW 
 

1.1 Background 
 

Flood barriers are a subset of flood protection features. A flood protection feature can be categorized as a flood 

barrier if it is a device that encloses a particular area to ensure it stays dry (examples include penetration seals and 

watertight doors). Flood barriers can be used to prevent water from entering nuclear power plant (NPP) areas 

containing safety-related systems and components. Domestic and international operational experience indicate that 
performances of flood barriers have significant safety implications. Nuclear industry and United States (U.S.) 

Nuclear Regulatory Commission (NRC) have appropriate analysis tools for analyzing risk significance of flood 

barrier performance, i.e., using Probabilistic Risk Assessment (PRA) models, but performance or reliability data on 
in-service components is lacking. 

 

To fill this gap, the NRC initiated a research project, “Flood Barrier Testing Strategies (FBTS)” as part of their 

Probabilistic Flood Hazard Assessment Research Program. Under this project, NRC engaged Idaho National 
Laboratory (INL), and Idaho State University (ISU) as a subcontractor, to identify and assess options and develop 

strategies for testing flood barriers at decommissioned NPPs. This project aims to review available information on 

FBTS and assess the (1) current state of NPP decommissioning for potential harvesting, (2) technical and logistical 
considerations and challenges to harvesting and laboratory testing of flood barriers, and (3) potential alternatives to 

harvesting, such as in-situ testing and enhanced inspection. 

 

1.2 Objectives 
 

One of the tasks under the FBTS research project requires INL to assist NRC in organizing and conducting an 
FBTS workshop, which aims to bring together industry stakeholders to discuss options and strategies for flood 

barrier testing at decommissioned NPPs to obtain reliability data to better inform flood risk assessments. This NRC 

FBTS workshop was held at NRC Headquarters in Rockville, Maryland, via a webinar as well, on March 12, 2020. 
The workshop was an open meeting attended by members of the public, NRC technical staff, management, and 

contractors, and staff from INL, ISU, and other agencies. The workshop served multiple objectives: (1) presenting 

preliminary research results from the FBTS research project, and (2) engaging industry stakeholders and technical 
experts to provide inputs and insights on testing strategies. 

 

1.3 Outline 
 

This letter report summarizes the NRC FBTS workshop presentations and discussions. The remaining of this 

section presents the workshop attendee list and agenda. Section 2 provides the presentation material for the 
workshop, which began with brief self-introductions by all attendees, followed by opening remarks and an overview 

of FBTS research by Joseph Kanney and Thomas Aird from NRC. Curtis Smith from INL introduced research 

conducted by INL on FBTS and potential harvesting. Following the introduction session, several technical 
presentations were provided by staff from INL, Fisher Engineering, Inc., and ISU. The workshop concluded with 

an open discussion. Section 3 presents a summary of the workshop along with the follow-up actions for the research. 
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1.4 Attendees 
 

A list of workshop attendees1 is provided as follows: 

 Andrew Kalukin (National Geospatial-Intelligence Agency) 

 Brenden Overton (NuScale Power) 

 Chad L. Pope (ISU) 

 Curtis L. Smith (INL) 

 Frances Pimentel (Nuclear Energy Institute [NEI]) 

 Jacob Philip (NRC) 

 Jeff Greene (Electric Power Research Institute [EPRI]) 

 Jim Heishman (EPRI) 

 Joseph Kanney (NRC) 

 Joshua B. Lacy (Tennessee Valley Authority [TVA]) 

 Karen Carboni (TVA) 

 Kit Ng (Bechtel Corporation) 

 Mark Thaggard (NRC) 

 Meredith Carr (NRC) 

 Michelle (Shelby) Bensi (University of Maryland) 

 Ray Schneider (Westinghouse Electric Company) 

 Robert Azimi (FM Approvals) 

 Sai Zhang (INL) 

 Thomas Aird (NRC) 

 Tim Schmitt (Framatome) 

 W. Mark Cummings (Fisher Engineering, Inc.) 

 Zhegang Ma (INL) 

 

1.5 Agenda 
 

Date and Time:  March 12, 2020, 13:00-17:00 EDT 
Location:   NRC Headquarters, Rockville, Maryland (via webinar as well) 

 

Thursday, March 12, 2020 

Time Topic Presenter 

13:00-13:15 Welcome & Introductions  NRC Office of Nuclear 

Regulatory Research 

13:15-13:30 Overview of FBTS Research NRC – Thomas Aird 

13:30-13:55 INL Research on FBTS and Potential Harvesting INL – Curtis L. Smith 

13:55-14:20 FBTS Project Overview INL – Zhegang Ma 

14:20-14:45 Literature Review and Previous Flood Barrier Tests INL – Sai Zhang 

14:45-15:00 Break  

15:00-15:25 Flood Penetration Seal Testing Fisher Engineering, Inc. – W. 

Mark Cummings 

                                                   
1 A significant amount of workshop attendees participated from online. The list may not be complete as some online 

participants did not register to the meeting and did not display their names on the webinar. 
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15:25-15:50 Flood Barrier Testing Facility – Idaho State University ISU – Chad L. Pope 

15:50-17:00 Open Discussions  

17:00 Adjourn  
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2. WORKSHOP PROCEEDINGS 
 

2.1 Overview of FBTS Research 
 

Presented by Thomas Aird (NRC) 
 

2.1.1 Presentation 
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2.2 INL Research on FBTS and Potential Harvesting 
 

Presented by Curtis L. Smith (INL) 
 

2.2.1 Presentation 
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2.3 Preliminary Results of FBTS Project 
 

Presented by Zhegang Ma (INL) 
 

2.3.1 Presentation 
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2.3.2 Questions and Answers 
 

Question: What does “lack of fill” mean in Slide 3? 
Answer: It refers to missing seals or non-watertight seals which should be watertight. 
 

Question: Are you considering building new testing laboratories? 
Answer: This is not included in the current scope of this project. 
 

Question: How high are the water levels (e.g., 1 meter, 2 meter, or 3 meter) that you are looking at for testing? 
Answer: This project mainly focuses on identifying structures, systems, and components (SSCs) credited in 

flooding hazard, selecting SSCs for testing, and gathering available information on determining testing conditions 

for selected SSCs. Detailed information related to testing facilities and conditions of previous flood barrier tests 
will be introduced later in other presentations of this workshop.  

 

Question: How do you test large structures (e.g., a concrete wall)? 
Answer: We have not yet conducted such tests or included this type of tests in the literature review. Some 

civil engineering laboratories may be capable to test large structures. 
 

Question: Can flood barrier testing help determine the effects of aging and environmental exposure (e.g., 

temperature and moisture)? 
Answer: This would be an interesting topic to look at. These factors could indeed pose an impact on flood 

barrier performance. For instance, if a flood barrier is installed at different locations, its performance can be quite 

different. Also, we should be aware that differences exist between ex-situ testing conditions and in-situ field 

conditions.  
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2.4 Literature Review and Previous Flood Barrier Tests 
 

2.4.1 Presentation 
 

Presented by Sai Zhang (INL) 
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2.4.2 Questions and Answers 
 

Question: How would you determine if a flood barrier is “acceptable (Slide 9)”? 

Answer: In the flooding walkdown at the reference plant, acceptability of a flood barrier was determined by 

comparing results of visual inspection conducted during walkdown to acceptance criteria as defined in NEI 12-07, 

Revision 0-A [1] and plant-developed supplemental walkdown inspection guidance. Section 6 of NEI 12-07, 
Revision 0-A defines “acceptance” as:  

 

“Flood protection features are considered acceptable if no conditions adverse to quality were identified during 
walkdowns, verification activities, or program reviews as determined by the licensee’s Corrective Action 

Program. Conditions adverse to quality are those that prevent the flood protection feature from performing its 

credited function during a design basis external flooding event and are ‘deficiencies.’” [1] 

 
Question: What were the acceptance criteria used for base slab (Slide 9)? 

Answer: Base slab was deemed inaccessible during walkdown. No information of acceptance criteria of base 

slab was found in the walkdown report. 

 
Question: Is FM Approval Standard FM 2510 [2] for flood mitigation equipment included in the review? 

Answer: Not yet, but we will include this standard in our literature review. 
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2.5 Flood Rated Penetration Seal Research Overview 
 

Presented by W. Mark Cummings (Fisher Engineering, Inc.) 
 

2.5.1 Presentation 
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2.6 Flood Barrier Testing Facility – ISU 
 

Presented by Chad L. Pope (ISU) 
 

2.6.1 Presentation 
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2.6.2 Questions and Answers 
 

Question: Which testing protocol did you use? 

Answer: We used a testing protocol developed at ISU. We also compared this protocol to existing testing 

protocols for pressure vessels to ensure compliance. 
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2.7 Open Discussions 
 

Question: Is it possible that an extreme condition could occur with multiple concurrent hazards? Can tests for 

such conditions be performed? 

Answer: Conditions with multiple concurrent hazards, either correlated or uncorrelated, are possible. The 

Fukushima nuclear accident involving an earthquake and a tsunami is an example. Although not addressed in the 
scope of the NRC FBTS project, the multi-hazard topic has been explored by groups around the world. We are not 

sure if there is any experimental or testing effort, but we have noted relevant efforts on modeling and simulation 

for seismically-induced fires and floods, for instance, as investigated by Brookhaven National Laboratory for NRC 

[3] and as addressed in ASME/ANS RA-S Case 1, “Case for ASME/ANS RA-Sb-2013 Standard for Level 1/Large 
Early Release Frequency Probabilistic Risk Assessment for Nuclear Power Plant Applications” [4]. 

 

Question: (To Prof. Chad Pope) In your research, it looks like empirical data were used to inform simulation. 

Did you use any mechanistic models? 
Answer: We used both empirical and mechanistic models in our flooding simulation. In our Neutrino 

simulation model, fluid height is compared to failure depth to determine if door failure occurs. Failure depth is 

sampled from fragility curves, which are empirical models as they are developed based on data obtained from 

multiple flooding tests. Fluid height is simulated using a smoothed-particle hydrodynamics method, which is a 
mechanistic method providing numerical solutions for equations of fluid dynamics. 

 

Question: How important is it to measure leak rate? 

Answer: It would be ideal to develop component fragility curves as a function of leak rate. But one challenge 
is the difficulty in measuring leak rate during flood barrier tests. Leak rate might be precisely measured in most ex-

situ facilities, but it could be a challenging task for in-situ tests. Another challenge is lack of interface between 

underlying physics and PRA models. Current PRA models usually adopt a crude scheme to categorize component 

states, i.e., success and failure. It is still unclear how to evaluate the risk significance of a physical factor such as 
leak rate or to translate component states to values of physical factors.  
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3. WORKSHOP SUMMARY 
 

The NRC FBTS workshop was held on March 12, 2020 and attended by members of the public, NRC technical 

staff, management, and contractors, and staff from INL, ISU, and other agencies. An overview of FBTS research 

as well as the preliminary research results from the project were presented. Industry stakeholders and technical 
experts provided valuable inputs and insights on flood barrier testing strategies. The discussions from the workshop 

have led several follow-up actions for the FBTS research. 

 

 On the codes and standards that could be used for nuclear plant flood barrier testing, participants 

indicated that the Approval Standard for Flood Mitigation Equipment (FM 2510), developed by FM 

Approvals, could be referred by the NRC research. INL staff agreed to review FM 2510 and include 

the result into the project report. 

 The FM Approval representative mentioned that the USACE – Engineer Research and Development 

Center (ERDC) in Vicksburg, Mississippi could conduct water testing of flood barriers for opening 
barrier and perimeter barrier applications. The NRC/INL project team planned to contact the ERDC 

Mississippi facility after the workshop to discuss the potential nuclear plant flood barrier testing 

application in the facility. 

 For the potential harvesting in decommissioning plants, although decommissioning companies such as 

Holtec have been contacted and invited to attend the workshop, there were no responses from them to 

participate. Future efforts will be continued to engage the decommissioning companies on their interest 

in potential harvesting. 

 The INL presentation on plant-specific flood barrier types and performances was interested and widely 

discussed by the workshop participants. Since the performance results in the presentation were based 

only on one plant walkdown report, the NRC/INL project team would discuss whether more plant 

walkdown reports should be reviewed in order to expand/validate the flood barrier performance results 

with more plant data. 
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